Hydrogen bonding in topaz-OH, Al 2 SiO 4 (OH) 2 , was investigated by IR spectroscopic analysis of the temperature dependence of the OH-stretching frequencies. Low-temperature spectra ranging from -196 to -160 • C prove the existence of four non-equivalent H-positions in the crystal structure from the occurrence of four different OH-bands. With increasing temperature, these bands merge first, above -160 • C, into two OH-bands and then above 400 • C into one asymmetric broad band. Shifting of the OH-bands is caused by thermally induced hydrogen order-disorder. Low temperature fixes the protons in their positions; increasing temperature induces proton movement and allows switching between the different positions. Autocorrelation analysis of the IR spectra reveals two phase transitions, one at about -155 • C from P1 to Pbn2 1 characterized as static-dynamic change and the second at about 380 • C from Pbn2 1 to Pbnm caused by disordering of the protons. The increasing symmetry with temperature is due to advanced proton movement and dynamical averages over the proton distribution densities.
Introduction
Topaz, Al 2 SiO 4 (F, OH) 2 , is a well-known hydrous mineral in aluminous and fluorine-rich rocks occurring in near-surface environments (e.g., Ribbe 1982) ; less often it is also found in low-temperature, high-to ultrahigh-pressure metamorphic rocks (Theye 1988; Zhang et al. 2002) . The range of the (OH,F)-solid solution was previously thought to be limited up to X OH = 0.5 [X OH = OH/(OH + F)] due to proton-proton avoidance (Barton 1982) . However, finding of OH-rich topaz with X OH = 0.55 in samples from ultrahigh-pressure rocks of the Sulu terrane, eastern China (Zhang et al. 2002) , as well as experimental studies at high pressure indicate that depending on the P -T -X-conditions, topaz might be stable along the complete (OH,F)-solid solution series (Wunder et al. 1993 (Wunder et al. , 1999 . The existence of topaz with X OH = 1.0 was first predicted from energy calculations (Abbott 1990 ) and confirmed later by high-pressure synthesis (Wunder et al. 1993) . Since then, the fully hydrated endmember of topaz, Al 2 SiO 4 (OH) 2 , is termed topaz-OH. The stability of topaz-OH in the Al 2 O 3 − SiO 2 − H 2 O-system has been reported at pressures between 5.5 and 13 GPa and temperatures up to 1,500 • C (Wunder et al. 1993; Ono 1999) . Topaz-OH is suggested to be an important water carrier in pelitic sediments and basaltic rocks, which are subducted to depths below 150 km (Schreyer 1995; Schmidt 1995; Domanik and Holloway 1996; Ono 1998) .
The hydrogen-bonding geometry of topaz-OH is controversial discussed. X-ray studies of topaz-OH and its deuterated analog, topaz-OD, using single crystal X-ray (Northrup et al. 1994 ) and neutron powder diffraction (Chen et al. 2005; Komatsu et al. 2008 ) indicated that hydrogen is located in two non-equivalent sites. In contrast to that, Churakov and Wunder (2004) predicted the existence of four non-equivalent proton positions, H1-H4, from ab initio quantum mechanical calculations. At ambient conditions, the four protons are in dynamic exchange between the allowed positions of local minima. Flipping of the protons between different sites is achieved by simple rotation of the OH-dipole between the closely adjacent H4 and H1 as well as H3 and H2 positions, which corresponds to the two observed OHbands in the IR spectrum, respectively. This prediction is supported by NMR-and Raman investigations on topaz-OH (Xue et al. 2006) .
The aim of the present work is to clarify the OH-bonding geometry in topaz-OH and its temperature dependence using IR spectroscopy and the autocorrelation method.
Experimental and analytical techniques

Experimental setup
For synthesis of topaz-OH, we used a stoichiometric Al 2 O 3 − SiO 2 -gel plus 20 wt% of bidistilled water as starting materials. The gel was dried for 1 h at 700 • C before usage. The gel and fluid were loaded into a gold capsule, which was then cold-welded. Topaz-OH was synthesized in a rotating multi-anvil apparatus at 900 • C, 10 GPa, and a run duration of 50 h. To prevent separation of fluid and solid components, experiments were performed at 360 • -rotation of the Walker-type module with a speed of 5 • /s. The experiment was performed with a 14/8 assembly (octahedron edge length/anvil truncation edge length). The temperature was measured using a W5%Re-W26%Re (Type C) thermocouple with a pre-cision of about ±10 • C. The pressure calibration was performed by press-load experiments based on room and high-temperature phase transitions. The estimated pressure uncertainty is about ±0.2 GPa. A detailed description of the synthesis method and the assembly set up is given in Watenphul et al. (2009) . After the experiment, the capsule was separated from the assembly material, cleaned in an ultrasonic bath for 10 min in ethanol and then carefully opened.
Analytical methods
Powder X-ray diffraction
The run product was characterized by powder X-ray diffraction (XRD) in the 2θ-range 5-125 • using a STOE STADI P diffractometer with a CuKα 1 -radiation source. The collected pattern was processed using the GSAS software package for Rietveld refinement (Larson and von Dreele 2004) for phase identification and refinement of unit cell parameters.
IR spectroscopy
The topaz-OH crystals were up to about 10 µm × 25 µm in size, which is too small for a single-crystal IR analysis. Therefore, about 0.5 mg of the crystals was powdered in an agate mortar. Subsequently, a small pinch of the powder was spread on one diamond of a diamond anvil cell (DAC). The DAC was closed and the powder was pressed to a thin film with a pressure of about 2-3 GPa. This preparation method has several advantages: (1) the sample film has a constant thickness, which can be used to calculate the OH concentration with the Lambert-Beer-law and (2) any possible preferred orientation of the crystals is minimized. The film was then mounted on a glass carrier. The film thickness was determined to 3 ± 0.5 µm by analysis of video images using the program OPUS by Bruker. The film on the glass carrier was then mounted into a Linkam FTIR600 heating/freezing stage.
Unpolarized IR spectra were collected in the spectral range 4,000-3,000 cm −1 between -196 and 600 • C using a Bruker IFS 66v FTIR spectrometer and a Hyperion IR microscope. The resolution was 1 cm −1 using a Globar light source, a KBr beamsplitter and a MCTdetector. The spectra were taken with an aperture of 40 µm × 40 µm and averaged over 256 scans. The interferograms were phase-corrected after the procedure of Mertz (1965) and Griffiths and de Haseth (1986) . Blackman-Harris 3-term mode was chosen as apodization function. The measured spectra were transformed into absorption spectra. After background correction, the band center and the full width at half band maximum (FWHM) of each band were determined using the program PeakFit by Jandel Scientific.
Autocorrelation analysis
In case of vibrational spectroscopy, the band position, band intensity and bandwidth are known to correlate with the square of the order parameter Q from Landau theory (Salje et al. 2000) . Especially in case of dynamic order-disorder transitions, the investigation of bandwidths has proven versatile, whereas changes in band positions and intensities were found to be not that sensitive (Libowitzky and Beran 2004) .
To obtain an effective linewidth of the OH-bands of topaz-OH, we used the autocorrelation method (Salje et al. 2000) . Therefore, the spectral region 3,650-3,420 cm −1 has been selected as the appropriate segment of each primary IR spectrum. A suitable linear baseline between these end points was subtracted from each spectrum. Then, each segment was correlated with itself using the autocorrelation function
to produce an autocorrelated spectrum (Salje et al. 2000) . The width of the central peak of each autocorrelation spectrum varies with the general width of the bands of the primary IR spectrum. Therefore, it contains the combined information of the linewidth of the overlapping sequence of bands. Within the limit ω → 0 the width of the central peak contains the quantitative information of the primary linewidths, which can be extracted by extrapolation. We fitted a Gaussian curve to the central peak around the offset ω = 0 for successive ranges of ω between 8 and 30 cm −1 . ∆Corr, the FWHM of the Gaussian curve at ω = 0, is derived by extrapolation using a fourth-order polynomial.
Results
Powder X-ray diffraction
The run products were characterized by powder XRD at room temperature. Topaz-OH was the sole solid phase found. As initial crystal structure for the structure refinement, we took the data reported by Northrup et al. (1994) 
Temperature-dependent IR spectroscopy
IR spectra of the OH-stretching region at 3,740-3,340 cm −1 are shown in Fig. 1a for selected temperatures between -196 and 600 • C. At room temperature two OH-bands at 3,602 cm −1 (ν 1 ) and 3,525 cm −1 (ν 2 ) are present, together with an unresolved shoulder at the low-energy wing of ν 2 (Wunder et al. 1993 (Wunder et al. , 1999 . With increasing temperature, both bands broaden and the band centers approach each other so that at 600 • C only one asymmetric broad band at about 3,580 cm −1 is visible. The behavior in the low-temperature range, -196 to 30 • C, is shown in Fig. 1b . The band's shape gets more distinct at lower temperatures and the shoulder at the low-energy wing of ν 2 becomes increasingly pronounced. The center of ν 1 remains unaffected, whereas ν 2 shifts toward lower wavenumbers. At about -160 • C the shape of both bands flattens at the top and two plateaus form, of which each splits with further decreasing temperature into two bands ( Fig. 1b Band positions and FWHMs of the low-temperature spectra (Fig. 1b) were determined by peak fitting of the absorption bands in the OH-stretching region. The data were extracted from fits neglecting the band splitting at very low temperatures, i.e., only one band was fitted under each position. This is reasonable because the splitting occurs symmetrically and has no significant effect on the bandwidth. The data are listed in Table 1 . The 1σuncertainty of the band position and the FWHM is about ±1.5 cm −1 . Figure 2a and b show the behavior of peak position and FWHM of ν 1 and ν 2 , respectively, as a function of temperature. The OH-concentration c for each particular OH-band was calculated using the Lambert-Beer-law c = A/(3 · · t), where A is the measured absorbance from the particular band in the IR spectrum, the molar absorption coefficient for water in minerals from Libowitzky and Rossman (1997) and t the film thickness. Taking the spectrum at 30 • C as an example, ν 1 represents about 40% and ν 2 about 60% of the total OH-concentration. This implies that the sites are non-equally occupied, which is in agreement with neutron powder diffraction data of topaz-OD at room temperature (Komatsu et al. 2008) . In case of the splitted bands at -196 • C a further evaluation of the absolute intensities of ν 1 and ν 2 , respectively, allowed the following assignment: 55% to ν 1a and 45% to ν 1b , as well as 64% to ν 2a and 36% to ν 2b . 
Autocorrelation analysis
The results from the autocorrelation analysis of the temperature-dependent IR spectra are shown in Fig. 3 . The variation of ∆Corr as a function of temperature reveals two steps in the slope, one at about -155 • C and another at about 380 • C, which can be interpreted as indications of phase transitions. The transition temperature at 380 • C is determined by the intersection of two linear fits, but due to the large temperature interval between two adjacent points in Fig. 3 , only an approximate value is obtained. The 1σ-uncertainties of ∆Corr are below 1%. The main source of errors in the autocorrelation analysis is the sample preparation. All IR measurements of this study were carried out on the same sample film. A systematic error due to the sample preparation is hence negligible. The uncertainty of ∆Corr comes from the autocorrelation itself. 1σ-uncertainty of band position and FWHM: 1.5 cm −1 r 2 : agreement factors from peak fitting
Discussion
IR spectroscopy
We discuss our experimental results in the light of the predictions derived from ab inito quantum-mechanical calculations (Churakov and Wunder 2004) . Applying their notation, we assign the four OH-bands at low temperatures (Fig. 1b ) to the following stretching modes, for reasons, which will become clear below: ν 1a to O4-H4, ν 1b to O4-H1, ν 2a to O4-H3 and ν 2b to O4-H2. The calculated atomic positions of hydrogen in the crystal structure proposed by Churakov and Wunder (2004) have been reconciled by Komatsu et al. (2008) with those obtained from X-ray and neutron diffraction data of topaz-OH(D) (Northrup et al. 1994; Chen et al. 2005; Komatsu et al. 2008) . Accordingly, positions H3 and H4 of Churakov and Wunder's (2004) assignment correspond to H(D)1 and H(D)2 of the terminology of Komatsu et al. (2008) . Below -160 • C, the IR spectra of topaz-OH clearly show four different OH-bands in the spectral region of the OH-stretching vibrations (Fig. 1b) , indicating four non-equivalent hydrogen positions. According to Churakov and Wunder's (2004) calculations, the distribution among these four sites is strongly temperature dependent. Their calculations at -218 • C predict abandoned H1 and H2 positions, but indicate high proton concentrations in H3 and H4. Both positions, H3 and H4, are half occupied due to H-H repulsion. With increasing thermal energy, the proton mobility increases and more protons enter the H1 and H2 sites, which is in line with our low-temperature IR spectra (Fig. 1b) .
From the results of the calculations, we consider H3 and H4 to be the most occupied positions at liquid nitrogen temperature. Our data for the OH-concentrations at this temperature showed higher concentration for ν 1a and ν 2a . Therefore, we assign ν 1a to the O4-H4 and ν 2a to the O4-H3 mode. As H1 is closely adjacent to H4 and, accordingly, H2 to H3, ν 1b is assigned to O4-H1 and ν 2b to O4-H2 mode.
Approaching -160 • C from below results in enhanced occupation of H1 and H2 at the expense of H4 and H3, respectively (Fig. 1b) . Accordingly, above -160 • C ν 1a and ν 1b merge into ν 1 , and ν 2a and ν 2b into ν 2 . Following Churakov and Wunder (2004) , ν 1 and ν 2 display the superposition of the four bands, because increasing thermal energy allows the protons to switch between the closely adjacent positions. The two positions at room temperature, H(D)1 and H(D)2 after Komatsu et al. (2008) , are in turn the superposed positions of H3, H2 and H4, H1, respectively. The small difference between these positions is yet unresolvable by crystal structure analysis. At higher temperatures, the protons switch easily among the four sites, which connote that they are completely disordered. Accordingly, above 400 • C the OH-bands ν 1 and ν 2 merge into one superposed band ν OH (Fig. 1a) . One can speculate that high-temperature X-ray diffraction possibly detects only one proton position.
Generally, in case of linear or nearly linear hydrogen bonds, the OH-bands shift toward higher wavenumbers with increasing temperature due to extended O-H· · · O distances. Furthermore, the bands broaden with increasing thermal energy as a result of the enhanced oscillation amplitudes of the OH-vibrations. Principally, the OH-band ν 2 follows these common rules (Fig. 2b) , though we find that the band's shift and the increase of the FWHM is nonlinear, but of a second-order polynomial. In contrast to that, the temperature-dependent behavior of the band position and the bandwidth of ν 1 (Fig. 2a ) is quite surprising: (1) The position of ν 1 does not change within the error (Fig. 2a) , and (2) the FWHM of ν 1 shows a pronounced discontinuity, which is characterized by a minimum of the FWHM at about -140 • C (Fig. 2a) . One possible explanation of this behavior, another is given in the following section, is a temperature-induced crossover of the two bands underneath ν 1 . Crossover means that two bands interchange their positions due to changing conditions (temperature, pressure, · · · ) in a way that their paths cross each other. However, such a crossover implies that ν 1a is the low-wavenumber band underneath ν 1 at room temperature and that the corresponding O4-H4· · · O4 bond weakens, i.e., with decreasing temperature the O4-H4· · · O4 distance increases, O4-H4· · · O4 strongly bends or O4-H4 forms bonds with further acceptor oxygens.
The effect that decreasing temperature or increasing pressure on crystal structures has is often comparable, because both generally result in volume contraction and therefore shortening of the interatomic distances. Komatsu et al. (2008) investigated the effect of pressure up to 7.5 GPa on the crystal structure of topaz-OD by neutron powder diffraction. With increasing pressure, each of the O-D· · · O distances (following notation after Komatsu et al. 2008) decreased. However, as a result of extremely decreasing O-D-O angles the distances D1· · · O2 and D2· · · O1 increase with increasing pressure. As a consequence, the donor-acceptor interaction strengthens for O4-D1· · · O3, O4-D2· · · O2 and O4-D2· · · O4 and weakens for O4-D1· · · O2 and O4-D2· · · O1 with increasing pressure. From these results, indeed, O4-D2· · · O1, corresponding to O4-H1· · · O1 of Churakov and Wunder (2004) , is a possible candidate for the OH-band shift toward higher wavenumbers with decreasing temperature. This hypothesis partly contradicts the results of Churakov and Wunder (2004) in that H1 and not H4 represents ν 1a at -196 • C. For verification, low-temperature crystal structure analyses on topaz-OD, using neutron diffraction, are strongly needed. However, these measurements go beyond the scope of this study. Komatsu et al. (2005) determined Raman spectra of topaz-OH in the range of the OHbands between ambient conditions and 17.3 GPa. With increasing pressure, neither an indication of band splitting nor any unusual discontinuity in the band shift was observed. Hypothetically, in analogy to the low-temperature IR spectra, a band splitting might occur at pressures above 17.3 GPa. Yet, we suggest that the thermally induced hydrogen orderdisorder is mainly responsible for the observed band splitting and not the shortening of the interatomic distances due to volume contraction, which is simulated by the applied pressure. This is indicated by simultaneous splitting of ν 1 and ν 2 at the same temperature of about -160 • C. A change of O-H· · · O distances with temperature or pressure is known to be strongly anisotropic (Fei 1995) and hence would induce individual band splitting at different temperatures or pressure.
Autocorrelation analysis
Changes in the line width of IR and Raman spectra can conveniently characterize dynamic order-disorder phase transitions. Therefore, reliable FWHM, extracted from spectroscopic data, are required. Low-temperature IR spectra of topaz-OH show four different OH-bands, which overlap with increasing temperature. Manual fitting each single band to determine its line width is difficult and imprecise over the whole temperature range. Fitting two superior bands, ν 1 and ν 2 , works at low temperatures (Table 1, Fig. 2 ). However, band shifting and broadening as well as merging into one asymmetric broad band above 400 • C affect accurate band fitting for the high-temperature spectra. In contrast to conventional peak fitting, the autocorrelation method characterizes bandwidths in phonon spectra with even complex band shape (Salje et al. 2000) and therefore is used here to examine the FWHM changes.
Steps in the slope of ∆Corr reveal possible phase transitions at about -155 • C and 380 • C (Fig. 3) , respectively. A step in the FWHM of ν 1 and ν 2 at low temperature is also observed for the manually fitted data (Fig. 2) . Because of the above described difficulties with the band fitting, the determined transition temperature, -140 • C, is much less accurate. We suggest changes in symmetry from space group P1 to Pbn2 1 for the low-temperature and from Pbn2 1 to Pbnm for the high-temperature transition. The low-temperature transition is a static-dynamic transition, whereas the high-temperature transition is caused by disordering of the protons.
Several observations from other studies support our proposed phase transitions, hence the limitations of the methods has to be kept in mind for the interpretation of the results. Diffraction studies are sensitive to long-range order and give crystal structure properties averaged over many unit cells. In contrast, spectroscopic studies focus on short-range order and give informations on the local structure and the crystal chemical properties. Churakov and Wunder (2004) argued that at low temperature, ordered proton configurations of four non-equivalent H-positions exist and that the protons are almost fixed in their positions due to restricted proton movement. These configurations, essentially observable in the IR spectrum at -196 • C, violate all symmetry elements of Pbnm and hence have to be assigned to P1. Northrup et al. (1994) found two structurally different H-sites by single-crystal XRD on topaz-OH at room temperature. As a result of ordering of the H-atoms, they suggested a symmetry reduction from the centrosymmetic space group Pbnm to non-centrosymmtric Pbn2 1 due to loss of the mirror plane (001). This assumption was verified by second harmonic generation measurements, which indicated a lack of a center of symmetry (Northrup et al. 1994) . Calculations of the proton density distribution at 392 • C (Churakov and Wunder 2004) clearly indicate the existence of the mirror plane (001) and thus point to space group Pbnm at such high temperature.
Even though there are a number of arguments for two temperature-dependent phase transitions, no indication of symmetry reduction of space group Pbnm was ever observed for topaz-OH from crystal structure refinements (Northrup et al. 1994; Chen et al. 2005; Komatsu et al. 2008 ). This is not surprising, because X-ray or neutron diffraction techniques, especially at room or higher temperatures, give always only informations on long-range order. We, however, assume that the temperature-induced order-disorder phase transitions in topaz-OH only involve the positions of the H-atoms and that the lattice framework itself remains almost static apart from temperature-dependent volume changes. The detection of H-positions is quite challenging, and in case of topaz-OH even more demanding, because the proton positions are closely adjacent and disordered. A temperature-dependent neutron diffraction study on topaz-OD might be able to resolve the four averaged positions and confirm space group P1 at low temperatures.
Conclusion
The IR spectra at temperatures below -160 • C prove the existence of four non-equivalent H-positions in topaz-OH, which were first predicted by Churakov and Wunder (2004) from ab initio quantum mechanical calculations.
Increasing temperature enhances proton movement in the structure and consequently switching between the closely adjacent positions, H4 and H1 as well as H3 and H2. Around room temperature one can only distinguish between two superposed positions corresponding to two broad OH-bands in the IR spectra. Above 400 • C the protons are in complete dynamic exchange between the four positions, which is in line with only one asymmetric broad band in the IR spectra.
The temperature-dependent change of the OH-band shapes is caused by a thermally induced hydrogen order-disorder in the structure, whereas the lattice framework remains almost static. The autocorrelation analysis of the IR spectra in the region of the OHstretching frequencies revealed two order-disorder phase transitions with regard to the Hatoms. At about -155 • C the space group changes from P1 to Pbn2 1 and at about 380 • C from Pbn2 1 to Pbnm. The phase transitions are caused by temperature and dynamic average as temperature induces proton movement and an increasingly more symmetric proton density distribution.
